The basic function of a lighting system is to provide a defined amount of light to a space according to context-appropriate design criteria while minimising energy use. Lighting control strategies based on occupancy and daylight adaptation have been consistently shown to substantially lower lighting energy use compared to fixed systems, and are now ubiquitous in building energy codes. The adoption of light emitting diodes and the integration of information and communication technologies enable lighting control systems to become smarter with a greater integration of sensing, data processing and connectivity, and to evolve into a platform for both lighting and non-lighting applications. We describe different lighting control strategies and their evolution with a focus on commercial office applications. To illustrate emerging approaches, we then discuss two particular smart lighting systems -a wireless, distributed lighting control system and a power-over-Ethernet, centralised lighting control system, with cloud connectivity. The role that a connected lighting system can play in the overall building eco-system is then discussed, and new applications and services that are enabled are presented. Finally, we discuss the challenges to the market adoption of connected smart lighting systems, and the arising opportunities for researchers and practitioners to realise one more round of high-value returns offered by lighting systems.
Introduction
Lighting enables humans to visually experience their surroundings. Lighting includes the use of both natural illumination in the form of daylight, and electric illumination with various light sources e.g. incandescent, fluorescent and light emitting diodes (LED). The control of daylight is typically limited by its availability, and is achieved via a combination of fixed architectural elements like windows and skylights, and controllable elements like blinds. Electric light sources, on the other hand, can be freely designed and controlled to provide both visual and non-visual effects. [1] [2] [3] Together with heating, ventilation and air conditioning (HVAC) and computing equipment, electric lighting is a major part of the electrical energy consumption in commercial office buildings. For example, lighting energy consumption represented 20% of the energy consumption in U.S. commercial buildings in the recent Commercial Buildings Energy Consumption Survey in 2012. 4 The U.S. Energy Information Administration (EIA) estimates that lighting in the US commercial sector (which includes commercial and institutional buildings and public street and highway lighting) consumed about 150 billion kWh, translating to about 11% of total commercial sector electricity consumption in 2016.
Lighting controls were identified as an effective approach to reduce lighting energy consumption in early works, [5] [6] [7] by ensuring that lighting is only delivered where it is needed, when it is needed and in the amount that is needed. It was also recognised that proper commissioning of lighting systems and appropriate control algorithms are needed to fully realise the potential savings of lighting controls. [8] [9] [10] Over the past two decades, lighting controls have been extensively studied, 7, [11] [12] [13] [14] [15] [16] [17] [18] taking not only energy savings into account but also other aspects like luminaire design, system topology and user satisfaction. Energy savings are comprehensively summarised in Williams et al. 11 Interestingly, simulations/ calculations of savings associated with various controls technologies are substantially higher than measurements in actual installations, suggesting practical restrictions to reaching ideal performance. Nevertheless, measured savings are substantial, at an average of around 30% compared to a fixed lighting system (average savings by technology will be quoted in Section 2; measured systems used primarily fluorescent light sources).
As a result of proven savings in multiple studies, lighting controls are now embedded in all major building energy codes, such as ANSI/ASHRAE/IES Standard 90.1-2016 19 and California Building Energy Code Title 24-1, 20 requiring their installation in all new construction or major renovation projects. With the adoption of building energy codes, the popularity of green building rating systems, and advances in lighting controls, the installed penetration of lighting control systems in the overall commercial sector was about 20% in 2015. The prediction is that it will grow to about 40% by 2035, with the 2035 annual energy savings from lighting controls forecasted as 1,050 tBTU in the US DOE SSL Program Goal scenario. 21 The potential to save lighting energy using controls is clearly large. However, in the retrofit context, market adoption barriers, such as complexity of deployment, return-oninvestment and integration with other building systems, remain.
The evolution of lighting control systems over the past decade can be seen in terms of three fundamental transformations in the lighting industry. The first transformation is the development of LEDs, leading to a new generation of energy-efficient light sources. 22 Essentially, LEDs are low-voltage semiconductor diodes, and can be controlled digitally. This makes combining LEDs and microcontrollers easy, allowing LED luminaires to be controlled using a dimming protocol as part of a networked lighting system. Embedded software on micro-controllers further enables adding a first layer of 'intelligence' to LED lighting systems. There are some significant advantages of LED lighting control systems. Actuation of LEDs is simple and fast. Furthermore, the lifetime of LEDs is not adversely degraded by frequent dimming. Going beyond general illumination, LEDs can render a large spectrum of colours, thus offering additional dimensions for experiencing light. The combination of LEDs and advanced lighting controls makes it possible to realise enhanced energy savings and new, value-added applications in a manner that would have been impossible, or impractical, with more traditional light sources.
In parallel to the digitisation of light with LEDs, the rapid development of smartphones has led to a dramatic fall in the cost of sensors, networking chipsets and processors, and a new generation of LED lighting systems with sensors, networking and processing capabilities in every luminaire has become possible. This emergence of networked, smart lighting systems may be considered to be the second transformation in lighting. Such lighting systems offer sensing and control at a spatial resolution not previously practically possible, opening up new opportunities and applications.
Networked, smart lighting systems are driving lighting to the next transformation: a data platform in a connected building eco-system. Smart lighting systems have four attributes -ubiquity, access to power, location information and connectivity -that make them an attractive platform to realise the promise of Internet-of-Things (IoT) applications in buildings. Data from lighting systems may support new value propositions and services that are not directly concerned with illumination, such as HVAC control, space utilisation and asset management. 23 In this paper, we shall primarily focus on lighting systems in office buildings. This is one of the larger application segments where smart lighting control systems are making an early impact. Moreover, many of the technological discussions put forth for offices can be extended to other market segments, such as retail, healthcare, industry, home and outdoor, although the application specifics differ considerably.
The remainder of this paper is organised as follows. In Section 2, we review the elements and performance of conventional lighting control systems, with some emphasis on energy saving. This acknowledges the admirable body of work that has led to the ubiquity of such systems, and the vast amounts of energy already saved by them, and puts the potential of new, smart lighting systems in context. In Section 3, we then consider the engineering elements in a smart indoor lighting system by considering two examples -a wireless, distributed lighting system and a power-over-Ethernet (PoE), centralised lighting system, with cloud connectivity. The role a connected lighting system can play in the overall building eco-system is elucidated in Section 4. Finally, in Section 5, we discuss various technical challenges that need to be addressed in the realisation of a connected lighting system.
Lighting controls: strategies and technologies
A lighting control strategy is a conceptual description of how the illumination provided by a lighting system can be modified to suit the needs of various stakeholders, which may include the occupants and the facility manager. The lighting control strategy in turn determines specific technology choices and methods to control the lighting system. In this section we review the various conventional control strategies and their performance as reported over several decades of research.
Switches, dimmers and scene setters
In its simplest form, users can turn luminaires on and off, or choose intermediate light levels using switches and dimmers. This is a basic form of personal control to satisfy individual preferences in a space, and to save energy compared to a fixed, centrally controlled, system. Switches and dimmers are still widely used in cell offices and meeting rooms, with energy harvesting and wireless technologies now sometimes used to simplify installation. More options to control the light ambience come from scene setting panels that may be used to produce pre-configured lighted environments to support a particular activity. For instance, in a meeting room, the scenes may be presentation mode, brainstorming mode and a default discussion mode. However, when implemented using traditional technologies these control options do not scale easily to the most common office space of all, the open-plan office.
Time scheduling
Another simple strategy to save energy is to curtail lighting at a specified time when the building is deemed to be empty Lighting controls 117 (e.g. overnight) and turn it back on again only when building usage is expected (e.g. just prior to the first occupant arriving in the morning). However, in many commercial and institutional buildings, working patterns are becoming more dynamic and fixed scheduling strategies might be challenging to implement.
Group control
Lighting control systems can engage defined groups of luminaires for particular use cases. An example of this is 'institutional tuning', whereby facility managers dim fixtures from their maximum output to a lower output to match the recommended average illuminance for the principal tasks conducted in each space. Average energy savings of 36% for this strategy are reported in Williams et al. 
Occupancy adaptation
Occupancy adaptation is useful in spaces with sporadic or dynamic occupancy. A typical occupancy sensor type used in commercial lighting systems is passive infrared, which uses changes in human infrared radiation in the sensor's field-of-view to infer motion and thus occupancy. When no motion is detected for a period of time, the lights may be turned off or reduced to a minimum output. Average energy savings of 24% are reported in Williams et al. 11 In older systems, it was common to restore the illumination level when occupancy was again detected, although current energy codes are tending towards auto-off/manual-on modality, which saves energy and is more satisfactory to occupants. 19 Indeed, it has been observed that over-reliance on automatic controls without a manual option can lead to energy waste. 24 Occupancy adaptation has been traditionally used in areas like cell offices, meeting rooms and washrooms; in comparison, sensors with narrower fields-of-view are preferable for occupancy detection in open-plan office areas. A recent review of occupancy based lighting control in open-plan offices may be found in de Bakker et al. 25 Among the variety of data streams becoming available in the IoT context, several may be suitable for occupancy analysis (e.g. WiFi access information) and provide alternate sensing options over the dedicated motion sensor hardware traditionally used for lighting control. [25] [26] [27] 
Daylight adaptation
For daylight adaptation (or 'daylight harvesting'), luminaires are dimmed in accordance with the available daylight in the space so that the net illuminance meets specified requirements. Light sensors are used to monitor the illuminance level and provide feedback to the lighting controller(s). Using electric lighting as a supplement to available daylight thus saves energy. Average energy savings of 28% are reported in Williams et al. The controller may use a simple control algorithm like producing electric light in a fixed proportion to the estimated daylight level to dim luminaires. The lack of feedback of light levels in the controlled space may limit the performance of such systems. For example, if blinds have been drawn in some offices, the electric light contribution might be low if there is still sufficient daylight outside, thereby leading to light levels lower than required.
In closed-loop daylight control, feedback is available on the amount of light in the controlled interior space via a light sensor (typically) situated on the ceiling. A feedback control algorithm is designed to achieve specific control objectives, such as maintaining constant light levels (typically calibrated to the workspace) with low energy consumption. Early daylight adaptation strategies were studied analytically for a singlelight-sensor-controlled lighting system in Rubinstein et al. 10 One of the challenges is the variable mapping of the daylight contribution at the workspace (e.g. desktop) and the light sensor location (typically the ceiling). To address this in a lighting system with multiple light sensors and luminaires, several approaches have been proposed. [28] [29] [30] In Caicedo et al., 29 workspace light sensors were used to provide low-rate feedback on workspace illuminance to light sensors situated at the ceiling and co-located with luminaires in a daylight control loop. Workspace sensor measurements were used in a temporary learning phase to estimate a linear daylight mapping, and the estimate was used in a daylight control loop. 30 Yet another approach is to use dedicated workspace or portable light sensors. 16, 31 However, providing continuous, reliable feedback remains a challenge due to issues such as temporary sensor obstruction caused by user movements, and potential use of battery-powered wireless links. The likely increase in sensor ubiquity with the coming IoT might offer solutions to such issues.
Personal control
Lighting control systems are often designed to meet a single, prescribed level of illumination across an entire space. As such, the specific preferences of individual users, or needs for the specific tasks they are engaged in, are disregarded. This can lead to visual discomfort, user dissatisfaction and waste of energy. Lighting systems may, however, be designed to allow users to directly control the illumination around them, which is associated with greater user satisfaction. 3, 18, [32] [33] [34] [35] [36] Studies have also found a significant potential for energy saving, 12, 36 because occupants, on average, choose lower illumination levels than recommended practice and may also use personal controls to manually lower light levels during absences. Average energy savings of 31% are reported in Williams et al.
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2.6. Demand response (DR) DR is a temporary change in the power consumption of electrical devices to match the demand for power with the available supply. An example is lowering peak electrical consumption during hot summer afternoons when demand for electricity, driven by air conditioning, is high, thus reducing the risk of blackouts. DR can also lower energy costs because utility pricing is typically much higher during periods of high grid-wide energy demand. Lighting control is an attractive DR resource option 37 because it can be controlled in real-time, and dimming allows slow changes to be achieved without undue distraction or hardship to occupants. 38 This requires the lighting system to be connected both to utility DR and pricing signals, and to the larger building automation system.
Other considerations
Often a combination of control strategies is required to meet user needs, building regulations and facility owner expectations. For example, in an open-plan office, it is natural to consider a combination of occupancy and daylight adaptation with an optional layer of time scheduling. Average energy savings of 38% for combined systems are reported in Williams et al.
11
The energy savings realised from deploying a specific lighting control strategy can vary considerably between buildings. The energy savings from occupancy adaptation depend on factors like sensor configuration and occupancy dynamics, 39, 40 while the savings from daylight adaptation depend on factors including weather conditions, architectural design and sensor configuration, 41 making
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Networked lighting systems: example architectures
Traditionally, luminaires and sensors were distinct, hard-wired, hardware elements.
The new technology described earlier is eroding this paradigm and facilitating broader adoption. Here, we present two example architectures of new networked smart lighting systems: a wireless distributed lighting system and a PoE centralised lighting system. These are just two examples of the many possible architectures enabled by new lighting technology.
3.1. Wireless distributed lighting control system A smart, wireless, networked, distributed, lighting control system with cloud connectivity is shown in Figure 1 . The luminaires, equipped with sensing (e.g. occupancy, light level), control and connectivity functions, are located at the ceiling. Sensing information is communicated wirelessly to the local controller that actuates luminaires.
The local controller at the luminaire determines an appropriate dimming level based on the lighting control strategy. The local controller may operate in a stand-alone manner receiving inputs only from the colocated sensor at the luminaire. Control may also be done in a coordinated manner, whereby some sensing and control information is exchanged between luminaires. Lighting controllers in a distributed system have a lower computational processing requirement because the number of inputs/ outputs of the controller are limited when compared to centralised lighting control systems. Various methods for distributed lighting control have been explored in the literature. 16, 28, 30, [42] [43] [44] 
PoE centralised lighting control system
A smart, PoE, networked, centralised, lighting control system with cloud connectivity is shown in Figure 2 . The PoE standard defined under IEEE 802.3 45 provides for the delivery of DC power and data using a standard network cable (Ethernet), with considerable cost savings compared to standard AC wiring. A PoE lighting system becomes part of the IT network, and can connect to other building services through any networkconnected device (e.g. a PC or a smartphone).
A central controller computes dimming levels of luminaires using the reported sensor The best candidates for PoE lighting systems are new commercial buildings and deep retrofit projects because the lighting system design can be accommodated more easily as part of a building's network infrastructure, and no investments in legacy AC wiring need be made or maintained. Wireless lighting systems are better suited for retrofit projects because they offer an easier-to-install solution.
Connected lighting systems and the building eco-system
Today, commercial building systems, such as lighting, HVAC, security and space planning operate in silos. A connected building is a unifying approach in which the different building systems are connected, share data and are controlled via a common management system. Such an approach, while allowing the different systems to make certain local control decisions, enables cost-effective, system-wide, data-driven decision making and optimisation. The benefits begin with additional lighting energy savings. For example, occupancybased lighting control systems traditionally use signals from a single, imperfect, occupancy sensor in a space. 49 There are often an unacceptable number of missed or false detections. Missed detections may cause occupancy controls to turn off lights when occupants are present. This may lead to user dissatisfaction and 'sabotage' by disabling control functions. Therefore, a long timeout delay is used before turning off lights in order to lower the risk of user dissatisfaction, but this wastes energy. Networked lighting controls offer improved sensing results. For example, occupancy may be detected more reliably by fusing the outputs of multiple occupancy sensors 50 or other relevant data streams. 27 The timeout delay to switch off lighting may then be shortened, thus saving energy. 51 Nevertheless, as the underlying efficacy of solid-state light sources continues to improve, even lighting energy savings that are large in percentage terms might have declining value. In this circumstance, the value of other applications built on the lighting control system become more important to realise a suitable return-on-investment.
Relevant lighting data, for example luminaire energy consumption, occupancy sensor data, light sensor data and commissioning data, is stored in a back-end cloud infrastructure as shown in Figures 1 and 2 . Such data can be used to monitor the health of the lighting system, fix issues remotely and even take pro-active maintenance measures. Further, lumen depreciation may be identified, 52 and effective control strategies may be devised to maintain illumination levels.
In the networked lighting systems shown in Figures 1 and 2 , luminaires may also be equipped with location beacons. The underlying beaconing technology may be based on wireless radio (e.g. Wi-Fi, Bluetooth) 53 and/ or visible light communication. 54 This enables a user with a smart device to be located within a building based on their proximity to luminaires. A host of location-based services like wayfinding, workspace allocation and recommendation, and personal control of the local lighting and HVAC delivery may be realised.
Further, occupancy sensors that are part of a lighting system can provide value beyond lighting control. The same occupancy status information can be used to adjust the control set points of a HVAC system in specific areas. This can lead to considerable HVAC energy savings, with estimates ranging from 14 to 42% [55] [56] [57] as well as improved thermal comfort of users.
Similarly, lighting system occupancy sensor data may be used to monitor long-term utilisation of workspaces in office areas and meeting rooms, and to subsequently make data-driven decisions on space portfolio management. 23, 58, 59 Granular occupancy sensor data also indicates traffic patterns, which can be used to identify face-to-face communication behaviour in organisations, or to direct facility management services towards areas within buildings where they are most valuable.
Advanced lighting control systems may also enhance safety and security systems. Occupancy data during an emergency can indicate which spaces have yet to be evacuated, and could be used to direct emergency response teams. Local luminaires could be 'flashed' or spectrally-modulated to provide status signals to occupants, and the output of luminaires could be coordinated to highlight paths of egress.
Applications that rely heavily on occupancy-related data might experience resistance from users due to privacy concerns. Such concerns must be considered and responded to, even if the data do not, on initial inspection, carry any personally-identifying information. It is desirable for occupants to see a personal benefit in exchange for contribution of such data, and, where possible, be given the option to opt out of such applications.
Another application example is demand response. In a connected building, the energy use from different systems is available at a central point. Additionally, sensor data in the form of occupancy status, light levels and HVAC operating points can be made available. As such, decisions on energy reduction can be made by optimising across the various building systems based on the current system state and user tolerance of changes. On a cold winter day, for instance, it may not be possible to lower the heating, but dimming luminaires may be a feasible option.
The road ahead for smart lighting: challenges and opportunities
Lighting controls with simple strategies have become fairly mature. Advanced lighting controls that involve a combination of lighting control strategies and connectivity still have a low market penetration. Some of the market barriers are the complexity of commissioning advanced lighting controls, methods to fully value the return-oninvestment and challenges to integration with other building systems.
Commissioning smart lighting systems
Commissioning ensures that all components of the lighting system function according to the design intent and the operational needs of the end-users. The first steps of lighting system commissioning are in the design phase where the lighting control strategies are devised and the system architecture is built. The next steps relate to the deployment of the lighting system in the field. As an example, control set-points of light sensors for daylight adaptation need to be adjusted in situ, accounting for environmental factors like surface reflectance that can affect calibration factors. Another example is associating sensors with the controllers and luminaires they are designed to serve. The final step is verification and maintenance, wherein functionalities are validated.
Commissioning a smart lighting system with sensing, connectivity and control capabilities can become complex and expensive, and may require new skill sets from practitioners. However, the inherent system capabilities can support elements of the commissioning process. A connected lighting system offers the potential for easy deployment with an app. Using an app on a smartphone or a PC, it becomes possible to set various lighting control groups, assign lighting scenes, and set specific lighting control parameters. Such a commissioning Lighting controls 123 app can substantially simplify the commissioning process, making it more intuitive, and can also reduce errors in the process. For example, sensor measurements can be used to automate the association between sensors, controllers and luminaires. Further, connectivity in the system can be used to remotely recalibrate light sensors when changes in the environment are determined. There are international efforts (ISO/TC 274) to develop a standard for the commissioning of advanced lighting systems; one important application is in the verification that energy targets in codes have been met.
Return-on-investment and
financial models Investments in lighting controls that are based purely on paying back capital costs via traditional energy savings consider only part of the organisational value. Innovative financial models can be used to reduce initial investments and offer 'lighting as a service', where the value of the connected and smart components is unlocked over the lifetime of the system deployment; new applications might be developed and implemented over time. Lighting as a service limits capital expenditures, while sustaining lighting energy use and enabling actionable insights obtained from analysing the data to create efficiencies in operations. Methods to 'monetise' the nonenergy benefits of the smart lighting control systems remain to be formulated and standardised, but are essential to truly understand the overall return on investment. Cyber-security is another key challenge. While unauthorised access to a lighting control system might offer opportunities for mischief, system integration presents greater risks because access to other systems via the lighting system becomes possible. The lighting industry must adopt the latest cyber-security solutions to avoid such problems, which would otherwise limit market uptake of connected lighting.
Research priorities
We propose three broad research priority areas concerning lighting controls for offices: 1) In many countries, conventional automated controls like occupancy adaptation and daylight harvesting have been required by building energy codes for 10-15 years. In the early days of lighting controls research, practitioners and researchers often had to install control systems, uncommon technology at the time, in order to study their performance. Now most new buildings and major renovations feature such controls. Many of these systems are capable of monitoring and archiving their own performance, and thus large datasets may be available to researchers for analysis. Although these controls are standard functions, there is no guarantee that they have been optimised. Analyses of these existing data could reveal which configurations work best in which building/space type, which would be useful in the development of new codes, and could facilitate the development of control factors for simplified energy codes. 60 The data could also reveal which control configurations have the potential to be rejected by occupants, because they create discomfort or distraction; occupant sabotage is a leading cause of energy savings with lighting systems not meeting expectations. 61 2) The capabilities of LED sources, the potential high density of environmental sensors integrated in luminaires, and interaction with IoT devices in the workplace, open up the possibility for new lighting control applications to enhance energy savings (e.g. lighting on demand based on user locations and trajectories 62 ), occupant satisfaction (e.g. personalised spectral control 63 ), security and wayfinding or health (e.g. circadian entrainment 1 ). Researchers need to develop scalable applications, and to demonstrate their value through both laboratory and field studies.
3) The above capabilities also enable a connected lighting system to become the platform for non-lighting applications and services that bring value in the office environment. Examples of these include using occupancy data for HVAC control and facility reservation systems, and other building management services, and using granular occupancy and location data for space utilisation analysis and locationbased services. Again, research is needed to develop these applications, and to prove their business value, which will then buttress the financial case for the investment in the advanced lighting controls system.
Whenever practitioners have sought building energy savings to generate superior financial returns or to support green building certification, lighting has often been the first strategy considered. In office buildings, this has been true through multiple rounds of technology improvements, from T12 fluorescent lamps to T8s, from magnetic ballasts to electronic, from simple on/off controls to automated and personal controls with precise dimming, and now from fluorescent lamps to LEDs. Many might have thought that lighting systems had reached a point of diminishing returns for building designers and operators. However, with the emergence of smart applications built on a ubiquitous, connected, multi-modal and sensor-rich lighting controls infrastructure, lighting promises at least one more round of high-value returns.
Declaration of conflicting interests

